Exceptional rainfall events cause significant losses of soil, although few studies have addressed the validation of model predictions at field scale during severe erosive episodes. In this study we evaluate the predictive ability of the enhanced Soil Erosion and Redistribution 
INTRODUCTION
Soil erosion is a geologic process that affects all the continents, shapes the landscapes and due to this control on soil fertility and thus food production determines the fate of the civilizations (Cerdà et al., 2010; Koch et al., 2012; Prokop and Poręba, 2012) . Soil loss and sediment delivery causes a great deal of damage to fields, water quality, ecosystems and infrastructures.
On agricultural land, the main on-site damage is the reduction in the depth and area of cultivated soil (Pimentel, 2006) , the decrease in carbon content (Brazier et al., 2014 ) and nutrients such as nitrogen and phosphorous (Grismer, 2013) and finally the decrease in crop productivity (Franco, 2011 ) and soil quality . Amongst the off-site and long-term consequences are sediment supply to reservoirs (Navas et al., 2004) and rising levels of pesticides in streams (Boithias et al., 2011) . The economic cost of soil loss and nutrient replenishment in fields can represent a significant percentage of farmers' total income (Cotler et al., 2011) . Soil erosion is a complex and active phenomenon that needs different approaches to understand the process and to quantify or estimate the rates (Navas et al., 2008; Fernández et al., 2012; Haile and Fetene, 2012) .
During exceptional (recurrence interval of ca. 100 years) and extreme (recurrence intervals of more than 500 years) rainfall events, the magnitude of the runoff increases significantly, affecting the whole landscape (Serrano-Muela et al., 2013) and causing severe soil and nutrient losses (Ramos and Martínez-Casasnovas, 2009 ). High-intensity rainfall episodes trigger relocation and delivery of stored sediments and, at the same time, result in surface soil loss due to interrill, rill, ephemeral gully and gully processes, as well as landslides, soil piping and bank collapse processes (Erskine and Saynor, 2012) . Current studies on climate change predict future scenarios with increasingly frequent extreme climate conditions, involving recurrent dry episodes interspersed with floods and high-intensity rainfall events and rainfall depth values (Arnone et al., 2013) .
Numerical simulation contributes to understand the erosion processes at different spatial and temporal scales (Keesstra et al., 2014) . Soil erosion models are tools that estimate 3 spatially distributed rates of runoff and soil loss and redistribution, also providing scientific support for soil conservation and water management (Khoi and Suetsugi, 2014) . There are many models in the literature, which take either empirical or physically-based approaches, ranging from simple to ambitious and mathematically complex models (López-Vicente and Kirkby, 2013) but all predictions need to be validated against quantified rates of soil loss, deposition and sediment yield (Palazón and Navas, 2013) . The different scales of application of the models make validation procedures specific to each model. Validation data can be acquired from gauging stations located at the outlets, from reservoir bathymetry, from lake sediment cores, from radionuclides, from direct measurements with erosion pins and LIDARbased 3D and from experimental plots. In those cases in which the models have extent databases, event scale and real-time approaches have been used to obtain accurate predictions (Kim et al., 2013) .
To date, relatively few studies have been published on modelling validation for exceptional rainfall and erosive events, amongst such studies are those of Lee et al. (2013) on a typhoon hydrological model in Korea, Sanchez-Moreno et al. (2014) 
on the OpenLISEM model in
Cape Verde (West Africa), Rodrigues et al. (2014) regarding the LISEM model in two small watersheds in Brazil or the studies by Nunes et al. (2005) in USA and Belgium on the MEFIDIS model. Very few studies performed at field scale can be cited, but some examples are the research carried out by Uhlířová et al. (2009) in the Czech Republic with the eventbased runoff curve number (ERCN v2.0) model, by Dabney et al. (2009) in cotton fields in USA with the RUSLE model and by Takken et al. (1999) in the Belgium loam belt with the LISEM soil erosion model. To the best of our knowledge, there have been no studies of soil erosion modelling validation carried out at field scale under fallow conditions for exceptional rainfall events. The difficulty of data acquisition and in some cases of model performance with high magnitude input values explains this lack of studies (Boardman, 2006) . Rainfallrunoff and soil erosion models typically perform better when simulation results are aggregated at a larger time scale (e.g. at a monthly time scale vs. a daily time and event scale).
Thus, establishing accurate, reliable soil erosion models is a non-resolved task and a frontier field in soil erosion modelling studies and soil and water conservation research (Guo-Qiang et al., 2013) .
In October 2012 an exceptional precipitation event occurred in the Central Spanish Pyrenees, with between 200 and 265 mm rainfall depth accumulating over a two and a half day period at several weather stations, and more than 100 mm rainfall depth at many others (Serrano-Muela et al., 2013) with maximum recorded peaks of rainfall intensity of between 4 24 and 45 mm h -1 (Lana-Renault et al., 2014) . In this study we seek two objectives: i) to evaluate the simulation ability of the soil erosion SERT-2014 model to map and quantify runoff depth, soil loss and deposition due to this event, in a small fallow cereal crop field and its contributing area, and ii) to fill a gap in soil erosion modelling studies for exceptional events at field scale and under fallow treatment. To achieve these goals we firstly present the field-quantified values of total soil loss in the main rills and all ephemeral gullies, and also using the map of observed soil redistribution. We chose the SERT model because its ability to simulate soil erosion and redistribution at a high spatial and monthly temporal scale was proven in a previous study, where the SERT-2012 version was run and successfully tested with 137 Cs in a Mediterranean agro-ecosystem similar to the study area in this research. The accuracy, shortcomings and strengths of the enhanced version are analyzed. We consider that this study will be of interest for further model improvements and also to plan soil conservation strategies in agricultural systems.
MATERIAL AND METHODS

Study area
A rain-fed fallow cereal field and its small upslope drainage area, known from now on in this manuscript as "the field", were selected as the study area for this research due to their physiographic characteristics within the area affected by the exceptional event. The field, that has a total extension 1.9 ha, is located in the lower part of the La Reina gully catchment and it is classed as a closed-hydrological unit due to the cutting-connectivity effect of the landscape linear elements (LLEs) that surround the study area (Quijano et al., 2013) (Figure 1a ). The La
Reina gully extends to the Vandunchil gully, which is a tributary of the Castiliscar stream within the Aragón river basin in the northern part of the Ebro river basin. This landscape has numerous manmade infrastructures (paved and unpaved trails, drainage ditches, stone walls, fences, buffer strips) that modify runoff pathways and thus sediment connectivity. The field is delimited by a paved trail and a stone wall to the north and by a small drainage ditch to the west, whereas to the east and south it borders on the La Reina gully. In a previous study four 5 hydrological units (HU) were identified: three in the northern part of the field with several outlets to the gully and one HU that covers the southern part of the field and has one outlet (López-Vicente et al., 2013b) (Figure 1b .
The field was severely affected by the exceptional event and numerous rills and ephemeral gullies appeared or clearly increased in size (Figure 1c) 
Field quantification of net soil loss and soil redistribution mapping
A few days after the rainfall event we performed a field survey to identify and map the location and extent of small rills (maximum depth less than 2 cm), rills (R, maximum depth great than 2 cm), ephemeral gullies (EG), areas with depositional features, as well as those stable areas without the presence of erosive features or soil accumulation deposits. The stable areas are located on the divides between the different sedimentological units (SU) as well as on areas with low slope steepness. The resulting map, RED-field map, gave us the first assessment of the effects of water soil erosion due to the exceptional event. In the survey, we also measured the morphology of each R and EG using the following criteria: the cross sections were measured at about every 0.5 m or whenever a significant change in the R and EG cross section or the entry of tributaries was observed. Since the field had been set to fallow, we monitored the study area and only very small rills and interrill erosion affected the soil surface before the exceptional rainfall event. Thus, we can assume that all R and eroded soil in the EG correspond to the erosive power of the exceptional event. Before the field was set to fallow tillage practices were regularly carried out by the owner and thus the soil surface did not present either rills or ephemeral gullies. The morphological similarity between R and EG in cultivated soils under Mediterranean conditions (Capra et al., 2009 ) enabled us to use 6 the same approach to quantify their soil loss values. The R and EG cross sections were treated as trapeziums or rectangles, which meant that channel widths (upper and lower) and depths
were measured with a millimetre steel tape measure. The length of each R and EG was determined from the first incision in the soil surface of a depth equal to or greater than 0.5 cm to the beginning of the depositional areas or the border of the field corresponding to the talus of the La Reina gully. The volumes of material removed in each R and EG (V, cm 3 ) were calculated using the end area method, that is, by multiplying the mean area of two successive cross sections by the distance between them. This approach was successfully used by Capra et al. (2012) in the study of soil erosion in EG in Sicily (Italy):
where n is the number of segments, Vi (cm 3 ) is the volume of eroded soil from each segment, AXi+1 (cm 2 ) is the downstream cross sectional area of the segment i, AXi (cm 2 ) is the upstream cross sectional area of the segment i, and Li (cm) is the distance between adjacent cross sections. Volume values were converted to mass of eroded soil (M, g) by using their corresponding average value of bulk density (BD, g cm -3 ):
The average BD was calculated for each R and EG system in order to refine the quantification of soil loss. Finally, the rates of soil loss (E, Mg ha -1 event -1 ) for each R and EG system were calculated taking into account their contributing area, revealing clear evidence of net soil loss (Aup-loss, ha) from the total upslope area. The RED-field map enables accurate estimation of the values of Aup-loss. Interrill erosion was not determined in the field survey given that the topographic changes related to this process are almost negligible for conventional techniques.
The SERT model
The Soil Erosion and Redistribution Tool (SERT) model (López-Vicente et al., 2013a) is a semi-physically-based approach to predict average rates of runoff depth, soil erosion in rill and interrill areas and sediment redistribution in very small (< 1 km 2 ), small (1-5 km 2 ) and medium (5-50 km 2 ) size catchments without permanent streams (e.g. creeks and rivers). The model uses programmed GIS commands to calculate the water and sediment balance factors and also the cumulative upstream runoff and relocation of sediments along the hillslopes. The processes that take place on the riverbed and river talus are not contemplated, thus SERT is 7 not suitable for large catchments (50-1000 km 2 ) or river basins (>1000 km 2 ). One of the strengths of the model is that the simulation procedure is divided into three independent modules: i) hydrology (SERT-Hydro), ii) soil erosion (SERT-Eros) and iii) soil redistribution (SERT-Redis). The SERT model has the conceptual basis and part of the equations of the DR2 (López-Vicente and Navas, 2012) water balance model and the RMMF (Morgan, 2001) and
Modified MMF (Morgan and Duzant, 2008) 
Surface hydrology (SERT-Hydro module)
The DR2 is the time it takes for the soil surface to become saturated in conditions of rainfall intensity greater than the saturated hydraulic conductivity of the topsoil (Kfs-Top, cm s −1 ) and it is calculated as the mean value between the minimum and maximum time to ponding:
where Sp is the soil sorptivity (cm s -0.5 ), I (cm s -1 ) is the average rainfall intensity,  is the matrix flux potential (cm 2 s -1 ) of the soil, θS (% vol. ranging from 0 to 1) and θ0 (% vol.
ranging from 0 to 1) are the saturated and initial volumetric water content of the soil, respectively, and Voleff is the effective volume of the soil or the volume of the fine fraction of the soil. The subscript i corresponds to each cell of the digitalized study area. The θSeff parameter accounts for the maximum amount of water that can be stored within the soil, taking into account the volume of rocks. Coarse fragments play a critical role in processes of topsoil saturation and initiation of runoff (Smets et al., 2011) and are very frequent in
Mediterranean cultivated soils (López-Vicente et al., 2009) . Once the topsoil is saturated overland flow appears and the initial runoff per raster cell, Q0 (mm), is estimated as a function of the depths of effective rainfall, ER (mm), rainfall to ponding, Rp (mm), and the number of rainfall events or sub-events, e (n):
ER values are estimated taking into account the depth of precipitation intercepted by the canopy Av (0-1), the total rainfall depth R (mm), and by calculating the effect of slope angle, S (radians), on the quantity of rain received per unit area. Once Tpi and Q0i have been calculated at each measurement point, maps for the whole study area are created with the Kriging interpolation method (ordinary type with constant trend removal) that provides the minimum standard error. In the second step, Q0i is routed into the digital elevation model (DEM) using a multiple flow accumulation algorithm (MD) and the potential cumulative runoff, CQ0 (mm), is obtained. In this study, taking into account the high spatial resolution of the DEM, the MD algorithm was chosen as it appeared to be the most suitable approach to describe the spatial patterns of overland flow (López-Vicente and Navas, 2010). The subscript resol corresponds to the spatial resolution of the DEM because the runoff depth also depends on this parameter:
A water balance correction factor (α) is added so that volume of balanced potential cumulative runoff (CQ0B) equal to the initial volume of available water to be accumulated in the field. Effective cumulative runoff, CQeff (mm), is calculated taking into account the saturated hydraulic conductivity of the soil profile, Kfs (mm s -1 ), and the duration of the event or sub-event after the soil becomes saturated until the end of the rainfall event or sub-event,
Tq (s):
as well as the maximum amount of water retained on the soil surface, SSmax (mm):
where ee (n) is the number of rainfall erosive events, TER (s) is the total duration of the storm event, which depends on the values of ER, Eq. (5) 
where K (g J -1 ) is the soil erodibility, EE (J m -2 ) is the total rainfall energy, Z (kPa -1 ) is the resistance of the soil to being detached and delivered, GC (%) is the ground cover (e.g. rocks, litter and stubble), COH (kPa) is the cohesion of the soil, estimated from the soil texture, and C and P are the factors of cover management and support practices of the RUSLE model (Renard et al., 1991) . The β factor range [1.3-2.9] in order to model the loss of transport capacity due to runoff from the divides to the bottom of the hillslope as runoff increases the load of sediment delivered. The β factor map is obtained from the map of effective cumulative runoff. Rainfall energy is estimated as the sum of the kinetic energy of leaf drainage raindrops E(LD) (J m -2 ) and the energy of the direct throughfall rainfall E(DT) (J m -2 ):
where DT (mm) is the direct throughfall volume of rainfall estimated from the total depth of effective rainfall (ER, mm) and the depth of leaf drainage (LD, mm), and KE (J m -2 mm -1 ) is the kinetic energy of the rain:
where CC (0-1) is the percentage of the soil surface protected by the canopy. The kinetic energy of the rain is a function of the rainfall intensity, I (mm h -1 ), and is estimated in this study using the equation developed by Coutinho and Tomás (1995) and checked by direct measurements in western Mediterranean areas (Cerdà, 1997) :
Soil redistribution (SERT-Redis module)
Soil redistribution is the result of a balance between the amounts of soil detached and the amount of soil delivered and deposited downslope. Using this conceptual basis, the SERT 
Input acquisition
There are eleven active weather stations (WS) surrounding the study area (Figure 2a) Soil properties and inputs were obtained in field surveys and laboratory analyses ( Table I ).
The initial volumetric water content of the soil, θ0 in Eq. (5) and quartered to pass through a 2 mm sieve. Soil texture, rock content and the volumetric water content at saturation (θS) and field capacity (θFC) were determined for each sample.
Given that the soil became saturated during se-1, for sub-events 2 to 6 θFC values were used as the initial moisture value. Infiltration properties, Kfs and  , Eqs. (3) and (4), were measured at 6 representative points across the field bearing in mind the small surface area of the study site and the presence of just one soil type. Furthermore, the spatial variability of other soil hydraulic properties such as θS (standard deviation equals 8.0 % vol.) and θFC (sd = 6.0 % vol.) is low (Quijano, 2014; personal communication) . Values of Kfs and  for the forest and unpaved trail were obtained from López-Vicente et al., 2013a.
A high-resolution (1 x 1 m cell size) DEM was generated by resampling the free DEM of the region (5 x 5 m) and using field measurements every 5 meters in the whole field and every 1 and 3 meters in the areas with a gentle topography. Values of the C-and P-RUSLE factors 13 were obtained from López-Vicente et al. (2013a) . In this study the number of events, e in Eq.
(6), and erosive events, ee in Eq. (10), are the same as we ran the SERT model for the six se and not for an average month. The high number of soil samples and field measurements allowed very good parameterization of the SERT model.
RESULTS AND DISCUSSION
Exceptional rainfall and hydrological event
During 19 53 hours. In Aragón, which was the most affected region, this episode caused severe damages estimated at more than 45 million euros: ca. 12 million euros in damages to private properties, ca. 24 million euros to environmental and agricultural facilities, ca. 4.5 million euros to road infrastructures, ca. 1 million euro for the reconstruction of one school, and ca. 3.5 million euros in damage to water facilities (Heraldo de Aragón, 2013) . Damage to agricultural land was severe because most of the fields in these areas are cultivated with cereal crops and soils remain bare or ploughed in October.
Quantified soil loss and field mapping of soil redistribution
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The in situ soil redistribution map, RED-field map, describes 8 sedimentological units (SU) that include 165 small rills, 36 rills (R), 6 ephemeral gullies (EG), 15 stable areas and 11 areas with soil accumulation (Figure 3a ) (Table II) . R and EG only affected 1% of the soil surface whereas interrill erosion and small rills appeared in 66% of the field surface. Stable and soil accumulation areas represent 21 and 12% of the total surface, respectively (Figure 3b ). EG developed in the SU with concave topography whereas small rills and R were the predominant features in the SU with rectilinear topography. All R appeared within the crop field except one rill associated with the small unpaved trail located in the NW section of the study area. More than 13 m 3 of soil were lost in the small area (96 m 2 ) affected by EG and almost 7 m 3 of soil were lost from the surface area (91 m 2 ) affected by R (Table II) . Total soil lost in the R of the unpaved trail added up to 1.4 m 3 highlighting that soil erosion is dependent on roads and other unpaved surfaces such as Cerdà (2007) In SU-1C one bank collapse (C) appeared at the end of the rills and more than 11 tons of soil were lost. Apart from the bank collapse, soil loss rates due to R and EG varied from 6.2 to 32.8 Mg ha -1 event -1 at the different SU and R and EG did not affect soils in one SU.
Total soil losses due to C, R and EG during the event were estimated at 31.4 tons, which gives an average rate of 26.7 Mg ha -1 event -1 . These values are similar to others quantified in the past in the Ebro river basin due to individual storm events affecting gentle cultivated soils (redistribution rates between -42 and 33 Mg ha -1 event -1 ) and steep, erosion-dominated mountain soils (soil losses ranged between 5.5 and 40 Mg ha -1 event -1 ) (Navas et al., 2008) .
All these values are much higher than the maximum value of tolerable soil loss, 1.4 Mg ha -1 yr -1 , proposed by Verheijen et al. (2009) for European cultivated soils, indicating that soil sustainability in the field was severely threatened by the exceptional event. Stable areas were found in all SU and soil deposition mainly appeared at the end of the runoff pathways just before reaching the La Reina gully.
Simulated runoff
The application of the SERT model for each sub-event (se) allowed a detailed numerical simulation of the hydrological and erosive response of the soils. From the six se only two of them, the first (se-1) and fourth (se-4), can be considered as erosive events because their values of total rainfall depth and/or rainfall intensity were higher than 12.7 mm and 6.25 mm in 15 minutes, respectively, following the criteria of Renard et al. (1991) (Table III) . During the other four se rainfall depth was ca. 6 mm or lower and the maximum rainfall intensity in 30 minutes (I30max) remained below 10 mm h -1 . The most erosive sub-event was se-1 as mean and maximum rainfall intensity was very high. The average rainfall intensity during se-4 was much lower due to its long duration.
Predicted runoff production also described this temporal variability and only during the se-1 die the whole field become saturated (Table III) . The runoff coefficient (CQC) during se-1 was above 10% and the mean and maximum runoff depth was very high considering the small area of the field. During the other five se the CQC was between 2.7 and 7.4%. The maximum values of runoff appeared in se-1 and se-4 while during se-5 only 5% of the soil surface was affected. Simulated runoff yield to the La Reina gully was calculated at the outlets of the field adding a total volume of 10.5 m 3 at the end of the six sub-events. The remaining runoff generated during each se was infiltrated in the soil during and after the event throughout the field. The SERT-2014 model does not simulate soil surface sealing processes at the beginning of rainfall events as thus this uncertainty should be considered in further research.
Simulated soil erosion
The variation in mean and maximum values of soil erosion predicted for the six se match the temporal pattern of high and low values of runoff production, although differences in soil erosion values were more pronounced (Table III) Figure 3b ) could have been developed during these low erosive sub-events. The total amount of eroded soil during the six sub-events adds up to 20.5 tons for the whole field. Most of this soil was eroded during se-1 (86%) and se-4 (13%).
There is a good fit between the areas affected by high erosion rates after the six sub-events 
Simulated soil redistribution
Soil redistribution was simulated for the six sub-events and clear differences in the values, spatial patterns and areas affected by net soil loss and deposition were obtained for each subevent ( Figure 5 ) ( Table IV) . The highest values of soil redistribution (net soil loss and deposition) were simulated during se-1 in the whole field. During se-1 the total amounts of soil loss and sediment yield to the La Reina gully were ca. 14 and 5.9 tons, respectively.
However, soil deposition was predicted not only in the lower section of the channels of the R and EG but also in their middle sections. This overprediction of soil deposition areas is explained by the large amount of sediments detached and delivered during se-1 and also by the lack of a specific power stream delivery factor in the SERT model. During se-2, se-3 and se-5 simulated soil redistribution only affected the areas surrounding the small rills, R, EG and soil deposition areas, whereas stable conditions were predicted for more than 80% of the field surface. During se-4 and se-6 only soil loss processes were simulated and high and severe values of soil loss were only predicted during se-4.
The map of total soil redistribution, RED-SERT map, described predominant processes of soil loss (higher than 0.5 Mg ha -1 event -1 ) affecting 71% of the surface area of the field, soil deposition (higher than 0.5 Mg ha -1 event -1 ) was predominant on 17% of the surface area whereas stable areas were predicted in the remaining 11% ( Figure 6 ). Total soil loss and sediment yield after the exceptional event was 16.3 and 9 tons, whereas 45% of the total eroded soil was stored within the field (Table IV) . Predicted eroded soil values are in the same order of magnitude as the measured total soil loss in R and EG that amounts to 20.0 Mg event -1 without taking into account the loss of soil due to gully bank collapse that was estimated to be 11.4 Mg event -1 .
Model validation
The acceptable match found between predicted and measured rates of soil loss demonstrates the soundness of the SERT-2014 model and the ability of its water and new sediment balance equations to predict the hydrological and soil erosion response of the soils during the exceptional event. Underestimation of total soil loss may be explained by the fact that the actual upslope contributing area during the exceptional event could be larger than the simulated one.
The comparison between the RED-SERT and RED-field maps shows an overestimation of the soil deposition rates and areas predicted with the SERT-2014 model in the EG although the highest rates of soil erosion were correctly predicted in these geomorphic features. This error is ascribed to the runoff transport capacity calculated by the model given that SERT was designed for interrill, R and EG water erosion but cannot successfully predict the processes that take place in the runoff layer when overland flow exceeds the typical values of runoff depth. Further research with the SERT model should focus on the sediment delivery capacity of streams. Introducing this enhancement in the model would extend its applicability to catchments with permanent water courses.
The results obtained in the present study highlight the ability of the SERT model to predict different values and patterns of soil loss and deposition in the field during the six sub-events that occurred in October 2012. The simulated soil redistribution maps provide valuable information, which cannot be obtained by direct field measurements, regarding the processes that took place during the 3-day exceptional event, allowing a more detailed description of the processes of soil erosion and sediment redistribution that affected the field's soils.
CONCLUSIONS
We conclude that: i) the exceptional rainfall event of October 2012 caused severe damage in the soils of the fallow field, producing many rills and enlarging the ephemeral gullies and even causing the collapse of the banks of the La Reina gully talus (11 tons) which, together, threaten the sustainability of agriculture in this region; ii) these very high erosion rates happened when the intensity was very high and thus extreme rainfall events are the ones that control the soil losses and landforms; iii) the enhanced SERT model, the SERT-2014 version, was able to simulate the hydrological and erosive response of the soils during the six 
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The main shortcomings of this study are: i) the uncertainties related to some model input data; and ii) soil deposition was overestimated in the channels of the ephemeral gullies.
Further research with the SERT-2014 model should pay attention on: i) the necessity of adding a model's stream transport capacity factor; and ii) the soil surface sealing processes at the beginning of the rainfall events. Finally, this study proves the usefulness of the SERT-2014 model for simulating the magnitude of the runoff yield and severe soil erosion and redistribution processes that took place during an exceptional event at field scale and under fallow conditions. 
